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Summary 


Two  sizes  of  the  parallel-plate  windings 
transformer  with  10:1  step  down  turns  ratios  have  been 
designed,  tested  at  10  kV,  500  kA,  installed  and  have 
now  been  operating  for  several  months  in  the  ZT-40  RFP 
experiment  at  Los  Alamos.  The  total  leakage 
inductance  for  these  three  turn  secondary  transformers 
referred  to  the  secondary  has  been  measured  at  9  nh 
for  the  larger  transformer  and  8  nh  for  the  smaller 
transformer.  Since  these  transformers  were  designed 
for  use  with  a  load  having  relatively  high  d.c. 
resistance,  the  d.c.  resistance  of  aluminum  windings 
was  acceptable. 

The  electrical  conceptual  design  for  another 
application  has  been  done  with  the  following  criteria 
met . 


volt-seconds  rating 
secondary  resistance 
secondary  leakage 
inductance 
penetration  time 
primary  voltage  pulse 
secondary  current 


value 

2,0  6 
1.5  x  10  ° 

12.6  x  10'9 

82  x  10-6 
8  x  103 
0.83  x  106 


units 

volt-seconds 

ohms 

henries 

seconds 

volts 

amps 


Six  of  these  transformers  are  to  be  used  with  their 
secondaries  in  parallel  thus  providing  a  net 

secondary  resistance  of  0.25  x  10  ohms 
seondary  leakage  inductance  of  2.1  x  10”  henries 
secondary  current  of  5  x  10°  amps  . 


Introduction 

A  Parallel-Plate  Windings  Transformer1  refers  to 
a  transformer  whose  windings  are  fabricated  from 
aluminum  or  copper  sheet  metal  plates  that  are  stacked 
around  the  core  with  the  plane  of  each  turn  physically 
in  parallel  with  the  plane  of  every  other  turn  on  that 
same  core  leg  (see  Fig.  1).  The  advantages  to  this 
type  of  construction  can  be  low  leakage  inductance, 
low  D.  C.  resistance,  and  high  current  capability 
with  large  volt-second  ratings.  High  voltage 
applications  can  be  met  if  the  proper  insulation  is 
chosen.  The  primary  disadvantages  are  size  and 
weight.  Also  the  transformer  capacitance  is 
relatively  high. 


The  transformer  discussed  assumes  a  c-core 
mounted  vertically  with  winding  modules  around  both 
vertical  legs. 


*Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy. 

Compared  to  a  wire  windings  transformer. 


Electrical  Considerations 


Core 


The  core  material  should  be  selected  based  upon 
the  application  criteria  to  be  met.  In  applications 
where  a  large  volt-second  rating  is  required  a  three 
percent  silicon-iron  core  has  been  used.  Parameters 
to  be  considered  are: 


volt-second  rating 
weight 

characteristic  property 
cross-sectional  area 
window  size  required 

For  the  three  percent  silicon-iron  core  these 
parameter  values  are: 


volt-seconds/cm2 

weight 

characteristic  property 


3.2  x  1CT4  (with  bias) 
437  lbs.  per  cubic  foot 
grain  oriented  lami¬ 
nations  of  0.012" 
thickness 


O 

The  cross  sectional  area  required  in  cm  is  equal  to 
the  volt-seconds  required  divided  by  3.2  xlO-4  times 
the  number  of  turns  per  secondary  windings, 


v-s  required 
3.2  x  10“4  Nst 
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The  window  of  a  transformer  is  the  opening  between 
the  core  laminations  through  which  the  windings 
pass.  The  window  size,  heighth  and  width  of  a 
transformer  is  determined  by  consideration  of 
several  factors,  namely:  space  available,  core  and 
frame  size,  number  and  thickness  of  turns  required, 
and  insulation  space  requirements. 

Windings 


Those  parameters  determining  what  material  should 
be  used  for  windings  are: 

,  .  * 
d.c.  resistance 

weight 

cost 

_o 

The  resistivity  of  aluminum  is  2.824x10  ohm 
meters.  For  copper  it  is  1.724x10  ohm  meters. 
Therefore  when  considering  whether  to  use  aluminum  or 
copper  for  the  windings  it  is  necessary  to  realize 
that  if  d.c.  resistance  is  of  primary  importance  that 
it  will  require  2.824/1.724  =  1.64  times  the  windings 
volume  to  achieve  the  same  d.c.  resistance  with 
aluminum  as  with  copper. 

The  weight  of  aluminum  is  165  lbs.  per  cubic 
foot.  The  weight  of  copper  is  556  lbs.  per  cubic 
foot . 


The  cost  factor  is  figured  based  on  the  fact  that 
aluminum  and  copper  cost  about  the  same  per  pound. 
Therefore  to  achieve  the  same  d.c.  resistance  the  cost 
ratio  for  copper  versus  aluminum  is 
(556/165)  x  (1/1.64)  =  2.06.  (This  of  course  does  not 
consider  any  additional  core  cost  which  would  be 
required  in  providing  space  to  place  1.64  times  as 
much  aluminum  as  copper.) 

Winding  size  is  influenced  by  design  criteria 
such  as: 

maximum  leakage  inductance  permitted 
maximum  d.c.  resistance  permitted 
penetration  time  permitted 

Low  leakage  inductance  is  obtained  by  closely 
coupling  the  primary  and  secondary  windings  and 
designing  a  low  leakage  flux  path.  The  number  of 
primary  and  secondary  turns  is  identical  since  the 
primary  and  secondary  turns  are  alternately 
interleaved  (see  Fig.  2). 

Leakage  inductance  referred  to  the  secondary  is 
calculated  as  follows.  The  leakage  per  secondary  turn 
is  approximately 


dp  d  j 

Lsc  =  u0  •  h  +  ^  *  *l]  henries  , 


where 

=  4uxl0“7 

dp  =  insulation  thickness  between  turns 
Wip  =  winding  width 


Affects  number  of  turns  required  in  parallel  to  meet 
a  given  specification  and  therefore  space  available 
must  be  considered. 


v 

<k-. 


Figure  2 


£p  =  mean  winding  length  , 

dp  =  interconnection  separation 
Wp  =  interconnection  width 
ip  =  interconnection  length 
(all  dimensions  are  in  meters) 


The  total  transformer  leakage  inductance  referred 
to  the  secondary  is 


L 


T 


NST*Lsc  +  NPT‘Lsc 

nm'nsm  nm-n2 


henries 


where 

Ngp  =  number  of  secondary  turns  per  secondary 
winding 

Njp  =  number  of  winding  modules  per  core 
^SM  =  numher  of  secondary  windings  per  module 
Npi  =  number  of  primary  turns  per  primary  winding 
N  =  turns  ratio 


In  a  pulse  transformer  it  is  sometimes  necessary 
that  the  skin  penetration  time  through  the  winding 
material  be  less  than  the  rise  time  of  the  pulse  to  be 
delivered.  The  skin  penetration  time  for  a  specific 
thickness  of  material  is  given  by 

__  Hrho62 

t  2p  ’ 

where 


yr  =  1.0  (for  both  copper  and  aluminum) 
U0  =  4ttx10“^ 

g  =  material  thickness  in  meters 


Interconnection  separation  is  the  insulation 
separation  between  one  turn  to  turn  interconnection 
piece  and  the  next  turn  to  turn  interconnection 
piece. 
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p  =  resistivity  of  the  winding  material  in  ohm 
meters 

Insulation 

The  insulation  between  turns  must  be  capable  of 
sufficient  voltage  hold-off  and  yet  thin  enough  to  be 
flexible  and  permit  the  leakage  inductance  to  be  low 
enough  for  the  particular  design  requirement.  Thus 
materials  which  seem  to  be  best  fit  these  requirements 
are  low  density  polyethylene  and  mylar.  In  order  to 
meet  both  the  flexibility  and  voltage  hold-off 
requirements  it  is  best  to  use  multiple  sheets  (a 
minimum  of  three).  In  other  words,  if  a  thickness  of 
0.03"  is  desired  it  would  be  better  to  have  three 
0.01"  sheets  or  six  0.005"  sheets  than  one  0.03" 
sheet.  This  is  because  of  the  possibility  of  pin 
holes  in  the  insulation  and  the  better  flexibility  of 
multiple  thinner  sheets  than  one  thick  sheet.  The 
need  for  flexibility  will  be  shown  in  the  mechanical 
design  section. 

Transformers  using  this  type  of  insulation 
between  turns  situated  in  air  pulsed  to  10  kV  are 
presently  in  use.  It  is  recommended  that  for  use 
above  10  kV  an  oil  or  SF^  environment  be  considered. 

The  insulation  between  turns  does  not  insulate 
the  windings  from  the  transformer  core.  Both  an  air 
gap  between  the  turns  and  the  core  and  several  wraps 
of  sufficient  thickness  insulation  around  the  core 
provides  the  necessary  voltage  hold-off  capability. 
Also  a  window  frame  shaped  piece  of  polyethylene  can 
be  used  to  help  winding  alignment  relative  to  the 
transformer  core  (see  Fig.  3). 


Figure  3 


Mechanical  Design 

The  two  primary  considerations  for  the  mechanical 
design  must  be  to  minimize  the  leakage  inductance  and 
the  d.c.  resistance  in  order  to  meet  the  electrical 
design  criteria.  Additional  items  to  be  considered 
are  physical  size,  support  strength,  methods  of 
connecting  the  primary  to  its  source,  methods  of 
connecting  the  secondary  to  the  load,  voltage  hold-off 
requirements,  ease  of  turns  ratio  changes,  and  ease  of 
maintenance . 

In  order  to  minimize  the  leakage  inductance  and 
the  d.c.  resistance,  careful  thought  must  be  given  to 
the  interconnections  between  turns.  Also  leakage 
inductance  is  minimized  by  keeping  the  spacing  between 
turns  as  small  as  possible.  Since  the  insulation 


between  turns  is  interleaved  in  a  serpentine  fashion 
flexibility  is  required  (see  Fig.  2). 

Primary  and  secondary  circuit  connections  can  be 
made  to  the  transformer  either  with  the  use  of  a 
header  (described  in  Ref.  2  and  illustrated  in  Fig.  4) 
where  cable  connections  are  required,  or  by  direct 
connection  to  the  winding  module  where  transmission 
lines  are  required. 


Figure  4 
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